Chemically synthesized colloidal particles featuring large-scale surface asperities can be trapped and manipulated in fluid media through holographic optical trapping. Light scattering by these particles' surface features provides a mechanism for holographic optical traps also to exert torques on them thereby setting them in steady rotation about arbitrary axes in three dimensions.
The forces and torques that structured light exerts on small objects are fascinating from a purely intellectual standpoint and have far-reaching implications for applications in micro-and nanotechnology. Optical micromanipulation offers many benefits over competing technologies, most notably the ability to work with delicate or potentially harmful samples in sealed environments without direct mechanical access. The ability to reach inside closed systems such as microfluidic chips and even living biological cells 1 has attracted a lot of attention 2 .
Ashkin introduced the idea of harnessing radiation pressure to levitate and transport microscopic objects 3 , and subsequently demonstrated that appropriately shaped beams of light can trap objects in three dimensions 4 . Whereas a single optical trap can trap and move an object, multiple optical traps can be trained on different points of extended objects to control their orientation as well. Rotations require concerted movement of the individual traps, and thus active intervention.
Passive rotation of objects in static beams of light 5, 6 also is possible; two basic mechanisms have been shown to generate the necessary torque. The first requires the trapped particle to have chiral optical properties, either because of its composition 7 or because of its shape. Chiral scattering then gives rise to a torque that drives rotation, even if the incident light carries no net angular momentum [8] [9] [10] . In the second case, the beam of light itself carries angular momentum that can be transferred to the illuminated object by scattering or absorption, whether or not the object itself is anisotropic. This angular momentum can take the form of spin angular momentum in elliptically 11 or circularly 12 polarized light, or orbital angular momentum in beams with helical phase structure 13 . Such torque-exerting beams are variously referred to as optical "spanners", "rotators", "vortexes" or "wrenches" [12] [13] [14] [15] .
Microscopic objects spinning, rotating or revolving in optical traps can act as micromachines, and have been shown to operate a microscopic motors 9 , valves 16 , pumps 16, 17 , mixers 18 and rheometers 19 . They also have been used to measure torsional elasticity of polymers and DNA 20 .
Some of the more sophisticated optically actuated devices make use of interactions among multiple rotating objects; some involve multiple centers of rotation. In most cases, the rotors in such complex optically driven machines spin independently even though operation might benefit from coordinated rotation.
Generally, rotation control and rotational interactions have been demonstrated only in two dimensions with all objects rotating about axes parallel to the optical axis, or at small angles of inclination 21 . Arbitrary control over three-dimensional rotations would be useful for imaging applications, and would facilitate integration of optically-driven elements in three-dimensional microfluidic applications. Here we show how true three-dimensional rotation control and gearing can be achieved through a combination of holographic ring traps 22 and conventional optical tweezers projected simultaneously with the holographic optical trapping technique 23 . The ring traps serve to localize structured colloidal particles in three dimensions. Axial torque is mediated by controlled helicity in the ring trap and induces rotation around the optical axis.
Transverse torque is exerted by non-uniform axial radiation pressure projected by an optical tweezer projected onto the circumference of the ring trap. We demonstrate this technique with highly ramified colloidal particles synthesized from zinc oxide that resemble micrometer-scale dandelions. Having demonstrated full rotational control over individual colloidal dandelions, we then mesh driven particles into three-dimensionally articulated gear trains.
Dandelion-shaped particles are ideal for demonstrating three-dimensional rotation control because they present scattering surfaces in all and also provide numerous fiducial marks for tracking orientation. Their many asperities also are useful for meshing neighboring particles into gear trains, and mediate excellent hydrodynamic coupling to the surrounding fluid medium.
To optimize transfer of optical angular momentum by scattering and reflection, a high refractive index mismatch is desirable. We therefore followed the procedure described by Liu and Zang The required patterns of optical traps are generated from conventional Gaussian TEM00 beams (diode-pumped frequency-doubled Nd:YVO4 laser; Coherent Verdi, 532 nm) by imposing computer-designed phase holograms onto the wavefronts of the light with a computer-controlled phase-only spatial light modulator (SLM; Hamamatsu X8267-16 or Holoeye PLUTO-VIS).
These holograms are focused into optical traps within the sample with the same objective lens used for imaging. The combined trapping and imaging system is represented schematically in Both optical vortexes 25 and holographic ring traps 22 can localize dandelions in the plane.
Neither, however, exerts the axial restoring force to trap them stably in the axial direction, presumably because of transfer of radiation pressure by surface scattering. Even so, colloidal dandelions can be held stably in three dimensions, either by pressing them against the upper microscope slide, or by tuning the laser power so that radiation pressure precisely balances gravitational sedimentation near the focal plane. Once trapped, dandelions may be translated freely in the focal plane and, with somewhat more care, along the axial direction. Optimal trapping is achieved when the radius of the optical trap is just slightly smaller than the radius of the particle. This poses problems for trapping with an optical vortex because the radius is proportional to the helicity of the wavefronts 25 . Dandelions trapped in optical vortexes thus rotate in the plane, which may not always be desirable. The radius of a holographic ring trap, by contrast, is independent of its helicity 26 . Ring traps therefore may be tailored to individual particles without requiring in-plane rotation. A trapped particle may be rotated by incorporating a desired amount of helicity into the trap's design 26 . Ring traps therefore are preferable for trapping, moving and controllably rotating colloidal dandelions.
While we were able to trap and rotate all the different varieties of ZnO dandelions, the type shown in Fig. 1 (e) has structural features that are easily tracked and a sufficiently uniform density of surface asperities that they can be trapped and rotated stably. By contrast, the more spindly particles shown in Fig. 1 (f) tend to fall out of traps under rotation. The more densely branched structures in Fig. 1(d) are more difficult to track.
The inset to Fig. 3 (a) schematically represents a colloidal dandelion rotating in a helical ring trap. The data plotted in Fig. 3 show the measured rotation rate of a 5 µm diameter dandelion in a ring trap powered by 20 mW as a function of ring radius R for fixed winding number, ℓ = 3, Fig. 3(a) and as a function of winding number ℓ for fixed ring radius R = 1.35 µm in Fig. 3(b) .
The direction of rotation in Fig. 3(b) follows the sign of the winding number. The rotation rate (throughout this manuscript) was determined by carefully tracking a fiducial mark on the dandelion's surface. The rotation rate decreases with trap radius in Fig. 3(a) because an increasing proportion of the light passes between the dandelion's branches without transferring orbital angular momentum to the particle. When the ring's radius exceeds the sphere's, the sphere settles into the beam of light below the plane of the primary focal ring, where it is supported by radiation pressure in the beam's three-dimensional intensity distribution 26 . As the ring's diameter increases further, the particle settles further down into the beam until the particle's weight is balanced by radiation pressure. This ensures that a constant flux of photons scatters off the particle's surface regardless of ring diameter. The transfer of angular momentum therefore is independent of ring diameter in this regime, and the rotation rate remains constant. Rotation about an arbitrary axis can be achieved by combining helicity in the ring trap (ℓ ≠ 0)
with torque exerted by a point trap. This is depicted schematically in an inset to Fig. 4 , and can be visualized online (together with horizontal and vertical rotation) at "link to video1".
Finally we demonstrate that two or more rotating dandelions can be combined into an optically driven three-dimensional gear train. The images in Fig. 5 were created by capturing two dandelions in two optimally-sized holographic ring traps, both of which were projected simultaneously with a single hologram. One of the ring traps exerts a torque (ℓ = 3) and the other does not (ℓ = 0). When the two trapped particles are brought into contact, the initially stationary dandelion begins to rotate in synchrony with the driven one. This works best if the dandelions just barely touch so that their asperities engage mechanically but do not become locked. Figure 5 shows a sequence of images taken at 0.33 sec intervals demonstrating the particles' coordinated rotation. Gearing is not effective for spindly particles like the example in Fig. 1 (f) because they do not have enough "teeth" to mesh reliably. We verify that the rotation is indeed due to mechanical gearing rather than to the influence of the neighboring traps' optical forces by performing the same experiment with only one dandelion in the trap with ℓ = 0. In this case, the trapped dandelion does not rotate. Combinations of ring traps and point traps can be used to create gear trains that rotate along arbitrary axes in three dimensions, and also can be used to create threedimensional gear trains.
These observations demonstrate that holographic optical trapping can be used to achieve arbitrary three-dimensional rotational control for achiral objects. They also demonstrate that chemically synthesized objects can be combined into multicomponent opto-mechanical systems without the need for microfabrication.
